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J. PHYS IV
The stability of a crystallite of a given size is determined by the relative importance of an energy per unit volume which favors crystal formation and an energy per unit surface area of the opposite sign. This leads to the concept of a minimum stable size, usually parametrized as a critical radius R,. A large surface energy density destabilizes the smaller crystallites, lessening the potential benefits from quantum confiement. It also reduces the rate of crystallite nucleation, increases the likelihood of surface defects, and leads to depression of the melting point.
The energy per unit surface area, or interfacial tension, can be deduced from a measurement of the degree of lattice compression as a function of crystallite size. Such a measurement was carried out by Goldstein et al. [3] for CdS nanoparticles precipitated from a liquid. They used electron diffraction to measure the lattice constant and transmission electron microscopy imaging to estimate the particle size, deducing surface energies of 1.74 N/m for particles capped with mercaptoacetic acid and 2.50 N/m for bare particles. The particle radii ranged from -1.3 to -3.3 nm. These are very large surface energies, more than twice that for bulk CdS. Given the deleterious effects of large interfacial tension, it is important for the prospects for these materials to determine if such large values are an unavoidable property of nanocrystals.
We have carried out a study of interfacial tension of CdS nanocrystals grown by solid-state reaction in a borosilicate glass. Samples characterized by different particle sizes were prepared by isothermal heat treatment for selected times. The particle sizes and lattice contraction were measured using optical absorption and x-ray absorption (XAS) spectroscopies, respectively.
Produced by Schott Glass Technologies, the starting material was a glass consisting of SiO2:B203:Na~0:Ca0:K20:Zn0 in the ratios 61:25:8.5:6.2:3.6:0.4, as determined by electron microprobe, and doped with Cd and S. As received, the glass had been homogenized in the melt, quenched, and heat treated to initiate nucleation. It was a pale yellow-green color in transmission. We subjected 35x5~2 mm slices of this starting material to isothermal heat treatment at 625' to 750'C for intervals between 0.25 and 14 h.
The optical absorption spectra of the resulting composites were measured between 2 and 4 eV [2]. Representative spectra for a series of glasses heat treated at 625°C are shown in Figure 1 . The glass as received, referred to as "unsmck," is characterized by a very gradual onset of absorption starting at -2.9 eV. The spectrum evolves monotonically with heat treatment at 625°C to one characterized by a well defined peak at -3.3 eV (0.5 h), consistent with an average particle diameter d=3 nm. Eventually (14 h), the spechum is characterized by a relatively sharp edge beginning at 2.75 eV (and no peak), consistent with d A nm. Treatment at higher temperatures can reduce the edge to -2.6 eV, as shown in Figure 1 . Note that *Presently at Massachusetts Institute of Technology, Cambridge, MA, USA.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:19972147 JOURNAL DE PHYSIQUE IV the edge of bulk CdS is at 2.45 eV. The substantial residual "blue shift" of the well-annealed samples could be due to quantum confmement, but is more likely due to -20% Zn substitution for Cd in the nanocrystals, which we have quantified from the Raman shift. Taking this into account, the radius of the predominant particles in each sample can be deduced from the edge positions.
2.5
3 .O We measured the XAS spectra at the Cd K edge for these samples. We used fluorescence detection, but the Cd concentration in this low-Z glass is sufficient to make transmission measurements competitive. The data were acquired at 20 K using a Si(220) "two-bounce" monochromator on beamIme 4-2 at the Stanford Synchrotron Research Laboratory. Our optics yielded a measured resolution of 12 eV FWHM at the Cd K edge. The XAS spectra were reduced and analyzed using standard techniques [4] . Numerical analysis of the spectra using real-space signatures calculated by FEFF3 [5] or extracted from the CdS data yielded the following results.
Energy (eV)
In all the samples, both oxygen and sulfur were found as the nearest neighbors of Cd. Due to the significant differences in the bonding of these elements to Cd, we presume this to represent a mixture of sites coordinated with either six 0 or four S. In the unstruck sample, the nearest neighbors of Cd are consistent with a 50-50 mixture of (6)O and (4) At the same time, a small peak arises in the location of the second neighbor Cd peak in CdS, and with the same signature. The positions of the (first neighbor) sulfur and (second neighbor) Cd are found to be independent of size with error bars of d . 2 and 0.5 pm respectively. Following the analysis of Goldstein et al. [3] , we can establish an upper bound for the interfacial tension of 0.15 N/m for these samples. This is much lower than the interfacial tension measured earlier for nanocrystals precipitated from a liquid [3,6], and suggests that the glass matrix relaxes about the nanocrystal/glass interface. It is very promising for the potential utility of these materials.
